Introduction
The serine-threonine protein kinase Akt (also known as protein kinase B, or PKB) functions downstream from phosphatidylinositol 3-kinase (PI3K) as an important regulator of cell survival, growth, and glucose metabolism in many cell types (1) . Previously, we reported the role of Akt in hematopoietic stem cells using an Akt-gene knockout mouse model (2) . Bone marrow from Akt1-deficient mice exhibits a reduced side-population (SP) fraction due to attenuated translocation of Bcrp1 by Akt. PI3K/Akt signaling has also been implicated in the differentiation of a variety of cell types, including hematopoietic cells (3) (4) (5) . However, the regulation and expression of Akt during differentiation are unclear.
Forkhead box-containing protein, O subfamily (FOXO) factors are downstream effectors of Akt that play a pivotal role in the regulation of cell-cycle progression and cell survival (6) . FOXOs also respond to extracellular cues via changes in Akt signaling to control the differentiation and transformation of many cell types. Three FOXO factors (1, 3a, and 4) are substrates of the Akt protein kinase. They are inactivated through phosphorylation, which results in sustained nuclear exclusion (7, 8) . FOXO factors are reported to be developmentally regulated during embryogenesis and myoblast differentiation (6) . Although FOXO3a (FKHRL1) is reported to be expressed in hematopoietic progenitors (9, 10) and to affect hematopoiesis by controlling apoptosis signaling (11), FOXO3a's effects on stem-progenitor cell differentiation remain unclear.
Recently, FOXO1 (FKHR)-deficient mice were reported to display abnormal angiogenesis, indicating that FOXO1 plays a critical role in normal vascular development in rodents (12) (13). However, little is known about the function of FOXO3a in endothelial progenitor cell (EPC) development. Therefore, to elucidate the intracellular signaling mechanisms that control EPCs during differentiation, we examined the detailed differentiation steps of EPCs, the expression of Akt and 
Methods

Endothelial Progenitor Assay
EPCs were cultured as described previously (14) . Human peripheral blood monocytes (PBMCs) from healthy volunteers were isolated with Histopaque 1077 (Sigma, St. Louis, USA). PBMCs were cultured on fibronectin (Sigma)-coated 10-cm dishes or 6-well plates (BD Falcon, Franklin Lakes, USA) in EGM-2 medium (Clonetics, Walkersville, USA) containing 10% FBS, endothelial cell growth supplement, and antibiotics (Invitrogen, Carlsbad, USA) without corticosteroid. EPCs were defined 7 days after culture by staining with both fluorescein isothiocyanate (FITC)-labeled lectin (Sigma) and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanineperchlorate-labeled acetylated low-density lipoprotein (LDL) [DiI-acLDL] (Biomedical Technologies, Stoughton, USA) in three different fields.
Immunofluorescent Staining
Immunofluorescent staining was performed as described previously (2) . Attached cells on fibronectin-coated dishes were washed and then fixed with ethanol and methanol solution (1:1 mixed) and permeabilized with 0.1% saponin prior to incubation with primary antibody. The following primary antibodies were used: anti-macrophage antigen-1 (Mac-1) and anti-von Willebrand factor (vWF) (BD Pharmingen, Franklin Lakes, USA), anti-flk-1 and anti-endothelial nitricoxide synthase (eNOS) (Santa Cruz Biotechnology, Santa Cruz, USA) and anti-FOXO3a (Upstate Biotechnology, Waltham, USA). Cells were mounted using Vectashield ® mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, USA). Images were viewed and analyzed using automated image analysis software (OpenLab, Improvision, Lexington, USA).
Immunoblot Analysis
Immunoblot analysis was performed as described previously (15) . The following primary antibodies were used: anti-Akt (Santa Cruz Biotechnology), anti-phospho-Akt (Cell Signaling Technology, Beverly, USA), anti-FOXO3a (rabbit polyclonal IgG, Upstate Biotechnology), anti-phospho-FOXO3a (Ser253) (rabbit polyclonal IgG, Upstate Biotechnology), anti-phospho-FOXO3a (Thr32) (rabbit polyclonal IgG, Upstate Biotechnology).
Adenovirus Gene Transfer
A green fluorescent protein (GFP)-containing adenoviral vector of FOXO3a-AAA triple mutant (TM-FOXO3a), which was not phosphorylatable because three phosphorylation sites (Thr32, Ser253, and Ser315) were replaced by alanine residues, was used as described previously (16) . Transfection efficiency estimated by GFP was usually expressed in 50 to 70% of the cells.
Statistical Analysis
Data are shown as mean±SEM All other data were evaluated with the two-tailed, unpaired Student's t-test or compared by one-way analysis of variance.
Results and Discussion
Characterization of Human EPC Differentiation
During differentiation, human PBMCs formed distinct colonies typically on day 4 of culture on fibronectin-coated dishes. These cells differentiated into endothelial-like cells in three steps: foci formation, sprouting from foci, and migration and maturation into cord-like structures (Fig. 1A) . These steps typically occurred on days 4, 7, and 14, respectively, after culture on fibronectin. The steps were dependent on PBMC concentration, serum concentration, and whether or not corticosteroid was present in the serum (data not shown). Interestingly, these foci separated into two parts after gentle washing: an easily detached central region and a tightly attached ring formation at the periphery (Fig. 1B) . The removed central region of foci could proliferate and form sprouting spindle-like cells again if re-cultured on fibronectin-coated dishes, whereas spindle-like cells sprouting from foci might have less proliferative ability than cells in the cen- tral region (data not shown). This suggests that, in such a center region, cells remain in a less-differentiated state and increase in number, then tightly attach to fibronectin and differentiate into matured cells. We also examined the characteristics of foci formation with immunofluorescent staining as shown in Fig. 1C . In the early differentiation step, cells in the foci expressed both flk-1 and Mac-1, which represent cell markers for endothelial progenitor and monocytic lineages, respectively. However, these cells did not express detectable eNOS or vWF. After 8 days, cells expressed flk-1, eNOS, and vWF in sprouting cells at the periphery of foci, but not Mac-1, indicating that these cells are more differentiated endothelial progenitors. These results support our expected characterization of the foci from Fig. 1A and B, and indicate that PBMCs differentiate in a series of three steps: proliferation, attachment, and maturation.
Akt and FKHRL1 Expression during EPC Differentiation
Next, we examined signal transduction in attached PBMCs by immunoblot assays. As shown in Fig. 2 , Akt1 protein expression and phosphorylation at Ser473 were low at early stages of differentiation but gradually increased with time in culture. Consistent with these observations, FOXO3a was underphosphorylated at the early stages of differentiation, but phosphorylation at Thr32 and Ser253 increased with time in culture (Fig. 3A, B) . Urbich et al. observed the higher expression of FOXO4 in EPCs, whereas the expression of FOXO1 and FOXO3a is very low or absent in EPCs (17) . However, the lower expression levels of FOXO1 and FOXO3a in EPC were observed within 1 week of culture from PBMNCs. Our results also showed a lower level of "phosphorylated" FOXO3a expression in EPC within 1 week of culture. However, FOXO3a phosphorylation gradually increased (i.e., the "inactive form" increased) during EPC maturation. Immunofluorescent staining also showed that FOXO3a was translocated into the cytosol at the time the foci sprouted out; however, FOXO3a was located in the nucleus in the early foci without sprouting cells (Fig. 3C) . Although we observed the increases in the expression of Akt and FOXO3a phosphorylation separately, whether each phosphorylation occurs sequentially or separately could not be determined in this experiment. This may be a limitation of this study.
Recently, Kim et al. reported that the PI3K/Akt pathway contributes to the maintenance of self-renewal in human embryonic stem cells after basic fibroblast growth factor (bFGF) stimulation (18) . Collectively, these data indicate that Akt signaling not only maintains stem cells in a self-renewal state, but also regulates progenitor cell maturation. Glycogen synthase kinase 3β (GSK3β), another Akt target, is also reported to be involved in the determination of stem cell self-
Fig. 2. Expression of Akt during endothelial progenitor cell differentiation. A: Immunoblot analysis of EPCs with antibodies against total Akt1 and phosphorylated Akt. Akt-immunoblot assay was performed as described in Methods, separately with samples at early differentiation (days 2, 4, and 6) and late differentiation (days 8, 10, and 14). B: Comparison of the expression of total Akt1 and phosphorylated Akt in early and late differentiation stages by densitometric analysis. n= 4.
Phospho-Akt 
Fig. 3. Expression of FOXO3a during endothelial progenitor cell differentiation. A: Immunoblot analysis of EPCs with antibodies against total FOXO3a and phosphorylated FOXO3a. FOXO3a-immunoblot assay was performed as described in Methods. B: Comparison of the expression of phosphorylated FOXO3a (Thr32 and Ser253) by densitometric analysis. n= 3. C: Immunofluorescence of EPC with antibodies against total FOXO3a. Circles in figures indicate sprouting cells from foci.
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Number of foci per 100-mm dish renewal or differentiation through its ability to negatively regulate the Wnt pathway (19, 20) . During EPC differentiation, we observed that GSK3β was also markedly phosphorylated (data not shown). Thus, multiple downstream effectors of Akt may cooperate to control EPC differentiation and phenotype.
Enforced Expression of FOXO3a Increases Foci Number but Not Endothelial-Like Cells in Human EPC Assay
Finally, we performed virus-mediated overexpression gene studies in PBMCs to test the functional significance of FOXO phosphorylation during EPC differentiation. Transfection efficiency with adenovirus was approximately 50-70% of total cells on each dish, based on an analysis of GFP-positive cells (data not shown). In cultured human PBMCs, adenovirus-mediated transduction of FOXO3a triple mutant, in which the three Akt phosphorylation sites are replaced by alanine residues, significantly increased the number of foci formed in these cultures (Fig. 4A ). This increase in foci formation was accompanied by a reduction in cells stained with DiI-acLDL ( Fig. 4B) , suggesting that enforced expression of a non-phosphorylatable form of FOXO3a markedly increased foci formation but not spindle-like EPCs. This, in turn, indicated a block in EPC differentiation. To further examine the reduction in the number of EPCs, we found that formed foci failed to attach to the fibronectin-coated dishes and to differentiate into spindle-like cells. These results indicate that the FOXO3a signal is necessary to form foci but should be inactivated in the late stage of differentiation.
Timely Akt-Controlled Activation and Inactivation of FOXO3a May Be Required in Human EPC Differentiation
It is well known that in "differentiated" cells, FOXO3a activation enhances apoptosis involving Fas/FasL signaling. It was reported that the downregulation of FOXO3a (active form) enhanced neovascularization in vivo (21) . Indeed, we also observed that "overexpression" of the active form of FOXO3a (MT-FOXO3a) in "mature" endothelial cells and well-differentiated EPCs enhanced apoptosis and inhibited endothelial cell function (data not shown). These papers mainly explained the effects of FOXO3a on "differentiated" cells. However, FOXO3a is also a pivotal differentiation factor in undifferentiated cells as described by Bakker et al. (9) . A recent report also demonstrates that mice lacking the myocyte nuclear factor (MNF), one of the forkhead family members, die in the first few weeks of life with a severe myopathy that is similar to Duchenne's muscular dystrophy in humans (22) . Therefore, MNF acts to regulate genes that coordinate the proliferation and differentiation of myogenic stem cells after muscle injury. Another forkhead protein is known to have important regulatory functions during development in the control of cell proliferation and differentiation, as well as in tissue morphogenesis (23) (24) (25) . These reports support our findings that indicate the regulation of stem-progenitor cell differentiation by FOXO3a. Activation of FOXO3a may be required for the initiation of cell differentiation, but not for maturation. Further examination will be needed to confirm the contributions of timely activation and inactivation of FOXO3a to EPC differentiation. EPCs are now being targeted as therapeutic agents for ischemic organs and as a pathophysiological target of diseases, such as cancer progression (26) and retinopathy (27) . It has been shown that the number of EPC foci is inversely associated with cardiovascular risk factors (28) , suggesting that these foci are clusters of a progenitor cell population that have a critical role in angiogenesis. Here, we demonstrated that overexpression of MT-FOXO3a ("active form") increased nondifferentiated EPC foci, resulting in reduced EPC number. Thus, the elevated level of the "active" form of FOXO3a inhibited EPC maturation and angiogenesis. Moreover, we observed the tendency of atherosclerosis-related factors to affect the number of EPC foci. For example, treatment with oxidative low-density lipoprotein (ox-LDL) in PBMCs probably increased the number of cell foci. However, these foci were easily detached, resulting in the reduction in the number of EPCs (our observation results). This observation is similar to that by enforced expression of activated FOXO3a. Therefore, the Akt-FOXO3a signaling axis may be involved not only in regulating angiogenesis but also in influencing the induction of atherosclerosis.
In conclusion, we have shown that the Akt-FOXO3a signaling axis can control the differentiation of endothelial progenitor cells. In the early stage of differentiation, FOXO3a signals may be required for cell proliferation and initiation, whereas Akt signals could be needed to mature the initiated cells by inactivated FOXO3a through phosphorylation. Therefore, the proper regulation of Akt-FOXO3a signaling plays a pivotal role in stem-progenitor cell differentiation.
